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Cassini Titan Radar Mapper is a multimode radar instrument 
designed to probe the optically inaccessible surface of Titan, 
Saturn’s largest moon. The instrument is to be included in the 
payload of the Cassini Saturn Mission. The spacecraft is scheduled 
for launch in 1995 and is expected to arrive at Saturn and 
be inserted in orbit around Saturn in late 2003. The individual 
modes of Cassini Radar Mapper will allow surface imaging at few 
hundred meters resolution, and topographic mapping. The Mapper 
will be in operation during close flybys of Titan and will map 
-30% of Titan’s surface in the course of the nominal mission. 
I. INTRODUCTION 
With the completion of the Voyager planetary tour and the 
Magellan observations of Venus, the planetary missions of 
the last thirty years have provided us with detailed images 
and associated scientific information about the surfaces of 
all the solid bodies of the solar system, except for two: Titan 
and Pluto/Charon. Titan, the largest satellite of Saturn, is 
completely and continuously covered by a cloudhaze layer 
(Fig. 1) which masks the surface to visible and infrared 
imaging systems. Pluto/Charon, the farthest planethatellite 
system will not be visited by a spacecraft until well into 
the twenty-first century. 
The Cassini spacecraft, which will be launched in 1995 
and will begin orbiting Saturn in late 2003, has the objective 
of exploring and studying the Saturnian system. In order to 
observe the surface of Titan and understand its properties 
and the processes that shaped it, a multipurpose radar will 
be included in the payload. This instrument, the Cassini 
Titan Radar Mapper, will be able to operate in two modes: 
imaging and altimetry. 
The paper briefly discusses the requirements that lay 
behind the design, and describes the configuration and 
capability of this instrument. Section I1 addresses our 
present limited knowledge of the Titanian surface and the 
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Fig. 1. Titan, Saturn’s largest satellite, in an image taken by 
Voyager 2 on August 25, 1981, from a range of 4.5 million 
kilometers. The satellite is thought to be shrouded by photolytically 
produced aerosols rather than by the convective clouds found in 
the atmospheres of Jupiter and Saturn. The aerosol envelope makes 
Titan’s surface inaccesible to probing at optical wavelengths. (JPL 
P-23929) 
measurement requirements imposed on the radar instru- 
ment. Section 111 briefly describes the Cassini mission and 
the projected orbits. These orbits imposed another set of 
design constraints which led to the multitude of modes and 
to an unconventional antenna configuration, described in 
Section IV. Sections V and VI describe the different radar 
modes. 
11. STATE OF KNOWLEDGE O F  TITAN’S SURFACE 
Titan, the largest Saturnian satellite, was discovered by 
C. Huygens in 1655, side by side with his discovery of 
Saturn’s rings. An observation of limb darkening of Titan’s 
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disk (Comas de Sola, 1908) hinted at the possibility that 
the satellite may possess an atmosphere. Detection of near- 
infrared methane bands in Titan’s spectrum (Kuiper, 1944) 
confirmed that an atmosphere was actually present. This 
finding instantly turned Titan into a unique body among 
the known moons. Although Earth-based telescopic [ 11, 
[2] and, most recently, radar [3] observations have made 
significant contributions, the bulk of our present knowledge 
about Titan derives from the Voyager 1 (1980) flyby [4], 
[5]. Titan was found to be a frigid (near-ground temperature 
of -94 K [6]) object whose surface is hidden by the thick 
(near-ground pressure of -1.5 bar [6]), optically opaque 
atmosphere. The major constituents of this atmosphere are 
believed to be nitrogen, methane, and perhaps argon [5]. 
With the mean radius of 2575 km [6], Titan is known to be 
the second largest moon in the solar system after Jupiter’s 
Ganymede (R = 2631 km), a body larger than the planet 
Mercury (R = 2439 km). 
The enigmatic veiled surface of Titan is the primary 
target of the Cassini Titan Radar Mapper. Because so little 
hard information on the physical state of Titan’s surface 
is available, for the present we have to depend on the 
often speculative interpretations of the extant data. It can 
be stated with certainty, however, that the evolution of 
Titan’s surface to its current condition has been coupled to 
the evolution of the atmosphere. The principal atmospheric 
process affecting the condition of the surface appears to 
have been the irreversible photolytic destruction of strato- 
spheric methane in the presence of nitrogen [7], with the 
attendant escape of atomic hydrogen and the cold-trap 
condensation and precipitation of the heavier photolytic 
products (ethane, propane, nitriles, acetylenes) [8], [9]. 
The suspended photolytic products, forming layers of dirty 
orange-brownish haze in the stratosphere, have become the 
source of the observed atmospheric opacity. Titan may have 
very well evolved into the “smoggiest world in the solar 
system” [lo]. 
Following the most simplistic speculation, the surface of 
Titan would consist of liquid ocean or lakes of methane, 
with land surfaces covered by a layer of solid hydrocarbons. 
The mean density of Titan (1880 kgm-3) implies that the 
silicate/ice ratio is about 52:48 [5 ] .  Due to its endowment 
of silicates and to its size, Titan has perhaps been able 
to develop a sufficient amount of radiogenic heat to sustain 
some form of methane/ammonia/water volcanism which, in 
addition to the recurrent outgassing of the interior, would 
also rejuvenate the exterior. Voyager images of the Jovian 
icy satellites and of the much smaller (and less dense) 
Saturnian satellites show evidence of rejuvenation events 
that were possibly endogenic in origin. Titan might not be 
an exception. Thus it is reasonable to expect the presence 
of volcanic features on the surface of Titan, that would 
be appropriate to the character of the presumed Titanian 
volcanism. 
From the point of view of radar imaging, the issues 
of existence or nonexistence of ocean or dry land on 
Titan are of paramount importance. The constitution of the 
hypothetical dry land depends on the assumed solar nebula 
composition at Titan’s location at the time of accretion 
and on the moon’s subsequent development. If Titan had 
undergone at least a limited differentiation (i.e., a post- 
accretionary separation of lighter elements that migrated 
upwards to form a mantle, from the heavier ones that 
congregated in the core), the dry land would likely be made 
up of water ice or of water-ammonia ice, with perhaps some 
rock also present [ll]. Solubility of water in cryogenic 
nonpolar liquids [12], combined with the action of tidal 
currents (if ocean exists) [SI and of possible methane 
precipitation in the troposphere [13], allows for the erosion 
of the water-ice component of the bedrock [ll]. It is 
not clear whether this could have led to the suppression 
of the topographic relief of the exposed icy landmass 
and to the dissolution of the impact-produced scarring. 
It may have equally well resulted in an evolution of 
spectacular submerged and perhaps also exposed erosional 
landforms. If Titan’s surface methane budget has been 
constant over geologic time, then the level of the putative 
ocean must have been steadily falling. This could have led 
to the development of comparably spectacular shoreline 
landforms [14]. 
The present notions about the gross physical conditions 
of Titanian ocean are equally speculative. Because the 
solid phases of the constituents of this ocean would be 
denser than the liquid phases, any ices, if they formed 
at all, would sink. Assuming further that the sedimented 
photolytic derivatives might also sink, the ocean would 
maintain a free, uniformly smooth surface. The resulting 
roughness contrast relative to the dry land, detectable in 
radar images, should be an obvious diagnostic criterion 
for the classification of these two physiographic provinces 
and for determination of their areal extent. The experience 
gained from radar imaging of oceans on earth indicates that 
at angles of incidence larger than -20”, the Bragg scatter- 
ing from small, predominantly capillary waves is the source 
of the observed image brightness [E], [16]. An interesting 
question is, could wind-generated capillary waves exist on 
the surface of Titanian ocean, and if they could, what 
wavelengths should they be expected to possess? In general, 
waves of wavelengths of up to a certain characteristic 
wavelength, denoted here as A, can be considered as 
capillaries [ 171, [18]. The characteristic wavelength is given 
by A, = 2 ~ ( y / p g ) ~ / * ,  where y is the surface tension of 
the fluid, p is the fluid density, and g is the acceleration of 
gravity. On earth, with y = 75 mNm-’ for water at 273 K, 
we obtain A, = 0.017 m. On Titan, the values of y = 31 
mNm-’ at 94 K [19], [20] and p = 700 kg m-3 [21], both 
for ethane, and g = 1.44 m s-*, yield A, = 0.034 m. 
Thus the capillary waves on the surface of Titanian ocean, 
if they were present, might be expected to span about the 
same spectrum of wavelengths as do capillary waves on the 
surface of terrestrial ocean. The wavelength of the Cassini 
Titan Radar Mapper falls within that spectrum. 
To generate pure capillary waves, the elementary theory 
due to H. Jeffreys [17] requires wind speeds lesser than the 
characteristic speed U, = 3 ( ~ g / s p ’ ) l / ~ ,  where p is the 
viscosity of the fluid, g is the acceleration of gravity, s is an 
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Fig. 2. Schematic cross section of the hypothetical surface of Titan. Only features relevant to the 
Cassini Titan Radar Mapper are shown. 
empirical coefficient, and p’ is the air density. Winds with 
speeds higher than the characteristic speed U, are expected 
to excite gravity waves. On earth, with p = 0.0018 kgm-’ 
s-l (viscosity of water at 273 K), s = 0.25, and p’ = 1.25 
kgm-3, we obtain U, = 1.2 ms-l, in rough agreement 
with observations [17]. For Titan, with the acceleration of 
gravity about seven times smaller and the air density about 
five times larger, U, = 0.5 m s-’. This is considerably 
larger than wind speeds predicted by models based on the 
Voyager IRIS data. Thus observation of gravity waves on 
Titanian ocean would have significant implications for our 
notions of the dynamics of the Titanian atmosphere. 
One of the key unknowns has been the radar reflectivity 
of Titan. In 1989, during three successive nights, X-band 
radar observations of Titan were conducted using the Gold- 
stone radar in California as the transmitter and the Very 
Large Array ( V U )  in New Mexico as the receiver. This 
experiment provided the first unambiguous radar echo from 
Titan, which led to the values of normalized mean cross 
sections of 0.38 rt 0.15, 0.78 rt 0.15, and 0.25 2 0.15, 
for each of the three nights of observations [3]. (For the 
definition of the terms used in planetary radar astronomy, 
including that of the normalized cross section, see, e.g., 
[22], [23].) These cross sections compare with the S-band 
cross sections of 0.7,0.4, and 0.2 for the icy Jovian satellites 
Europa, Ganymede, and Callisto, and are much larger than 
the cross sections (0.01 to 0.08) of all the other known 
targets in the solar system [24]. The high cross sections 
of Titan and of Jovian satellites indicate that the surfaces 
of these moons resemble each other much more than they 
do the surface of the earth’s moon. Assuming synchronous 
rotation, in three days of the Goldstone/VU observations 
the subradar point would have drifted by 40’ in longitude. 
The observed variability of Titan’s cross section thus also 
points to a surface of a spatially nonuniform character. 
In summary, a hypothetical model of the surface of Titan 
is shown in Fig. 2. Because of the wide uncertainty in the 
physical and electrical properties of the surface, we were 
faced with the situation of designing a radar mapper system 
which should be flexible enough to adapt to a variety of 
surface conditions. In light of this, we designed a multimode 
radar mapper capable of: 
surface imaging at moderate resolution (km range), 
surface imaging at high resolution (400 m range), with 
topographic mapping by altimetry; and 
scatterometry with very high sensitivity, to study areas 
with a wide swath; 
a moderate swath; 
of extremely low backscatter. 
111. CASSINI MISSION DESCRIPTION 
Through its chosen name, the Cassini Mission seeks to 
pay homage to Giovanni Domenico Cassini, the Director 
of the Royal Observatory of Paris under Louis XIV, who 
between 1671 and 1684 discovered Saturn’s moons Iapetus, 
Rhea, Tethys, and Dione (in that order) [25]. In the context 
of the Copernican disputes that marked the science of 
Cassini’s times these discoveries were of considerable 
importance because they certified the existence in the solar 
system of yet another family of secondaries orbiting a 
primary, in addition to the Jovian family observed by 
Galileo some seventy years earlier. 
The Cassini spacecraft will be launched on a trajectory 
that includes a gravity assist flyby of Earth and a flyby 
of Jupiter. It will be inserted in a 32-day orbit around 
Saturn. During the first four years, the orbiter mission will 
nominally consist of 59 orbits, with 35 of these allowing a 
flyby of Titan. A representative Saturn Tour is shown in Fig. 
3, and the corresponding ground tracks on Titan are shown 
in Fig. 4. Among the planned 35 Titan encounters over 
the course of the nominal Cassini mission, 29 passes have 
a minimum altitude at closest Titan approach of less than 
4000 km, and 15 of them have a minimum altitude between 
950 and 1100 km at closest approach. The geometry, 
distribution, and the limited number of Titan flybys impose 
an important constraint on the radar design, as discussed 
later. 
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Fig. 3. Representative Saturn Tour (8941). The symbols 50 Rs 
and 100 Rs denote the distances of 50 and 100 Saturn radii, 
respectively. 
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km, during a representative Saturn Tour (89-01). 
Ground tracks of Titan flybys for altitudes below 8000 
Another major constraint is the limited weight and vol- 
ume imposed on the total science payload and therefore 
on the radar. This led to the decision of using the 3.66-m 
communication antenna for the radar operations during the 
flybys. This requires the addition of special antenna feeds 
to allow radar mapping. 
The above science, mission, and spacecraft require- 
mentskonstraints led, after a significant amount of analysis 
and tradeoffs, to the following basic radar configuration. 
1) Operating frequency is 13.8 GHz, which allows high- 
resolution altimetry with the available antenna, and where 
flight-qualified power amplifiers are available. At this fre- 
quency the effects of Titan’s atmosphere are negligible. 
2) The imaging should be possible on both sides of the 
track, to allow maximum coverage during the limited 
3) The high-resolution imaging will use the multibeam 
synthetic aperture radar (SAR) mode during the closest part 
of the flyby. 
4) The medium-resolution imaging will again use the 
multibeam SAR mode during the inbound and outbound 
legs. 
5 )  A decision was made to use three beams at each side 
for radar imaging. 
6) Scatterometry and altimetry would possibly be carried 
out at all times, which implies that the antenna axis will 
always be nadir pointed. Thus the imaging modes will 
require special off-axis feeds. 
7) In order to further maximize the imaging swath, the 
imaging beams must be wide (fan-beams) in the cross-track 
direction. 
IV. ANTENNA CONFIGURATION AND INSTRUMENT 
DESCRIPTION 
As mentioned earlier, the radar utilizes the spacecraft’s 
high-gain, 3.66-m telecommunication antenna reflector. An 
innovative switched multiple radar feed structure at 13.8 
GHz (Ku-band) will be added to the X- and Ka-band 
telecommunication feeds and the S-band radio science feed. 
A conceptual illustration of the overall feed configuration 
and the corresponding antenna beam configuration for radar 
operation are shown in Fig. 5.  To meet the rather diverse 
surface science objectives, a set of antenna requirements 
has been derived as shown in Table 1. It can been seen 
from this table, as well as from Fig. 5, that seven antenna 
beams, with one pointing at nadir (relative to the center of 
Titan) and the other six pointing off-nadir, are required for 
radar operations. 
In the current baseline design, a nadir-pointing, circular 
antenna beam, or the so-called pencil beam, at Ku-band to 
be used by the altimeter and scatterometer modes will be 
generated by illuminating the entire dish antenna with a 
Ku-band feed that is located at the focal point of the main 
reflector. The off-nadir fan beams are generated by partially 
illuminating the antenna reflector with a feed array that is 
offset from the antenna’s focal point (see Fig. 6). To create 
all six beams, it requires two sets of three small linear 
arrays that are offset located at the opposite side of the 
reflector axis. The switching between different beams is 
accomplished by sending computer controlled timing sig- 
nals to a conventional switching device (electromechanical 
or diode switch) that is connected to the input ports of 
the arrays. The principal advantage of this design is that it 
allows rapid beam switching and accurate beam pointing 
without physically moving the spacecraft or the reflector 
dish. 
A preliminary design of the Cassini spacecraft’s antenna 
is illustrated in Fig. 7. It is a dual-reflector Cassegrain an- 
tenna system. A frequency-selective subreflector (FSS) will 
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Fig. 6. Conceptual sketches of the Cassini Titan Radar Mapper antenna: (a) Reflectoriarray 
configuration for creating off-axis fan beams. (b) Corresponding array displacement from reflector’s 
focal point. 
Table 1 Requirements for Titan Radar Mapper’s Antenna 
Parameters Imaging AItimeteriScatterometer 
Frequency (GHz) 
Polarization 
Peak gain (dB) 
Azimuth beamwidth 
(deg) 
(deg) 
Range beamwidth 
Look angle (deg) 
Peak side-lobe (dB) 
Polarization 
Peak cross-pol (dB) 
Switch time (ms) 
13.8 
HH 
44.0 
0.45 
1.2 
210.5, 211.7, 212.9 
-15 
linear 
-15 
52.5 
40 Peak ant. input power (W) 
13.8 
HH 
50.4 
0.4 
0.4 
0 
- 15 
linear 
- 15 
525 
40 
be designed to reflect the X/Ka-band telecommunications 
signals back to the main reflector while being transparent 
to the SIKu-band signals. The S-band channel will be used 
for the radio occultation experiment. Aluminum waveguide 
at Ku-band will be used to connect the antenna subsystem 
to the remaining radar electronics located at one of the 
spacecraft’s payload bays. The total insertion losses of 
the transmission paths between the radar electronics and 
the antenna ports are estimated to be 2.2 dB at Ku-band. 
Calculation shows that the blockage loss at each of the 
four frequencies due to the presence of the radar feeds is 
negligible (less than 0.1 dB of gain reduction). 
When a linear array is used to feed a parabolic cylin- 
drical reflector, the reflector surface current in the plane 
containing the parabolic curvature will have a sine function 
type response, and the corresponding antenna pattern in 
the far field will have a fan-beam shape. If  the array is 
displaced along the array axis from the focal point of the 
reflector having a particular f / D  ratio, not only is the beam 
pointed away from the axis normal to the reflector surface, 
but the fan beam pattern can also be preserved by properly 
positioning the array with respect to the reflector’s focal 
plane. Huang and Rahmat-Samii [26] have verified these 
observations by using both two- and three-dimensional 
antenna simulation models. A n  example of the calculated 
far-field radiation patterns for a two-dimensional reflector 
with an f / D  ratio of 0.33 and for two array locations is 
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Fig. 7. Preliminary design configuration for the Cassini spacecraft 
high-gain antenna, incorporating the various feeds on the Cassini 
spacecraft. (Courtesy of J. Huang.) 
shown in Fig. 8. It shows that an angular displacement of 
10.5" can be obtained when the array center is moved 22.9 
cm from the focal point. 
To further demonstrate this design concept and to assess 
its performance in realistic settings, a breadboard model 
was constructed and test data were collected and analyzed. 
The breadboard model, as shown in Fig. 8, consists of a 
3.66-m parabolic reflector with a f / D  ratio of 0.33, a linear 
array feed, and a feed support structure which allows the ar- 
ray to move in all three directions. Four-element microstrip 
arrays were fabricated for this experiment. The element 
patches were series fed by a microstrip transmission line 
in order to reduce losses. Fig. 9 shows some of the antenna 
patterns measured during test and Table 2 gives a compar- 
ison of the required, calculated, and measured parameters. 
Except for the antenna sidelobes, the measured parameters 
match well with the requirements. The antenna sidelobes 
can be corrected by proper tapering in the final design. 
A simplified functional block diagram for the Titan Radar 
Mapper is shown in Fig. 10. The radar consists of four 
major subsystems: the antenna subsystem described above, 
the radio-frequency (RF) subsystem, the digital subsystem, 
and the power subsystem. 
The RF subsystem is responsible for handling all radio- 
frequency and microwave signals within the instrument. 
It upconverts and amplifies output signals, and amplifies, 
downconverts and filters the received echoes. In the present 
conceptual design a 65-W traveling wave tube amplifier 
will be used as the output power amplifier. Upon the 
reception of the controller's commands, the digital chirp 
(i. e., the linearly frequency-modulated signal) generator of 
the digital subsystem generates baseband signals of desired 
modulation and timing characteristics. The phase reference 
of these signals is provided by a stable frequency source. 
The output of the chirp generator is upconverted to the 
desired RF frequency band through a frequency multiplier 
chain. At this stage, the transmitter amplifies the RF signal 
to the required peak-transmit-power level. The amplified 
RF signal is then routed to the antenna for transmission. 
Upon reception, radar echoes are amplified by a low-noise 
amplifier and down-converted to the proper intermediate 
and baseband frequencies. The baseband signals are then 
routed to the digital subsystem. 
The digital subsystem functions as a central control unit 
for the radar operations. As such, it accepts and decodes 
the uplinked commands; maintains a serial communications 
link to the spacecraft; synchronizes and sequences all radar 
mode operations with the mission elapsed time clock; 
controls timing for chirp generation, pulse repetition, burst 
length, mode multiplexing and range gating; controls the re- 
3-ELEMENT ARRAY 
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ANGLE, deg 
(b) 
Fig. 8. 
array. Reflector size: 3.65 m, f / D  = 0.333, frequency = 13.8 GHz. (Courtesy of J. Huang.) 
Calculated far-field patterns of a parabolic cylindrical reflector fed by a 3-element linear 
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Fig. 9. Ku-band antenna breadboard test model. (a) Reflectodarray test model; (b) 4-element series feed microstrip array antenna; 
(c) the measured cross-track fan-beam pattern at 10.5' look angle of the Ku-band antenna breadboard test model; (d) the measured 
along-track fan-beam pattern at 10.5' look angle of the Ku-band antenna breadboard test model. (Courtesy of J. Huang.) 
ceiver gain and bandwidth; initiates periodic system testing 
and calibration; and digitizes, buffers, formats and routes 
both science (radar data) and engineering (e. g., spacecraft 
ephemeris and attitude) telemetry to the spacecraft's data 
stream. In addition, it also monitors the health of the 
instrument and reports any system anomalies. 
The power subsystem is responsible for the conver- 
sion of the spacecraft's 30-V dc power to the regulated 
voltages required by the radar, and for providing proper fus- 
ing, recovery relays, and electromagnetichadio-frequency 
filtering. 
The entire radar electronic assembly will be installed in a 
spacecraft's electronics bay. Current estimates on the mass 
and power consumption of the complete radar system are 
21.7 kg (230%) and 75.1 W (220%), respectively. 
V. IMAGING MODE DESCRIPTION 
From signal detection considerations, the maximum alti- 
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tude for imaging is -4000 km. This translates into 32 min 
(16 min before, until 16 min after the closest approach) of 
imaging time during a nominal Titan flyby pass. The limited 
number of encounters, coupled with the relatively short 
operation time, has necessitated the development of a wide- 
swath imaging capability for the radar in order to obtain 
good overall surface coverage. As discussed in the previous 
sections, our approach is to generate six antenna beam 
patterns using the 3.66-m high-gain telecommunications 
antenna with two sets of offset feed arrays. These feed 
arrays are designed to permit sequential surface illumination 
by six cross-track fan beams, and thus to generate three 
adjacent swaths on the left and three adjacent swaths on 
the right side of the spacecraft ground track. By a cyclic 
switching of the antenna beams, two continuous surface 
image strips, one on each side of the subsatellite track and 
each consisting of three adjacent substrips, can be achieved. 
The half-power beamwidths of each fan beam are 1.2' in 
elevation and 0.45' in azimuth, respectively. The composite 
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Fig. 10. Block diagram of the Cassini Titan Radar Mapper instrument. 
lhble 2 Comparison Between the Performance Requirements, the 
Calculated, and the Measured Performance for the Ku-band 
Side-Looking Antenna Beams 
I I I 
Parameters I Requirements I Calculated Results Measured Results 
I I I 
I 
Peak gain 
(dB) I 44.0 43.0 42.0 
0.45 0.6 0.6 
1.2 1.5 1.5 
210.5, 211.7, 210.5, 211.7, 210.5, 211.7, 
k12.9 212.9 ?12.9 
-15 - 16 - 10 
-15 - 20 -18 
radar images created by summing the three adjacent image 
sub-strips will have a cross-track swath varying from 67 
km at closest approach (1000 km altitude) to 310 km at 
the maximum range of 4000 km. Given 32 min of imaging 
time, approximately 1.5% of Titan's surface can be mapped 
during each flyby. 
The Cassini Titan Radar Mapper, when operating as an 
imager, would use aperture 
finer resolution in azimuth 
physical beamwidth of the 
[28]. In this method, radar 
of uniformly spaced points 
processed coherently in order 
synthesis in order to obtain 
than that possible from the 
real aperture antenna [27], 
echoes collected from a set 
along the ground track are 
to synthesize a larger aperture 
with a narrower "equivalent" beamwidth which allows 
finer azimuth resolution. This azimuth resolution will be 
complemented by similar cross-range resolution through the 
use of an appropriate system bandwidth. To accommodate 
the anticipated large variations in range, geometry, and 
radar reflectivity, the radar has the capability for imaging 
at three spatial resolution scales: high resolution imaging 
(HRI, approximately 500 m by 500 m), medium resolution 
imaging (MRI, approximately 750 m by 1120 m), and low 
resolution imaging (LRI, approximately 1300 m by 1800 
m). Table 3 summarizes the radar system and performance 
parameters for the imaging mode. 
For the purposes of designing the radar instrument, the 
geometry we have considered is a straight-line path over 
a spherical Titan with radius of 2575 km. The velocity of 
the spacecraft is assumed to be constant at 5.75 kmh, and 
the nominal minimum spacecraft altitude is 1000 km. The 
nominal radar operation scenario will be for the Cassini 
spacecraft to slowly rotate during the encounter, in such 
a manner that the antenna would continue to point at 
the center of Titan. The uncertainties in the spacecraft's 
ephemeris and attitude control during each Titan encounter 
are relatively large. Since the required radar resolution is 
relatively low, the images can be acquired in an unfocused 
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SAR mode which is robust with regard to ephemeris errors. 
Precise geocoding will require the high accuracy ephemeris 
which can be obtained from the post-encounter analysis. 
Such limitations have necessitated the use of burst mode 
timing for radar operation. In this timing approach, a series 
of pulses is transmitted for a burst period slightly less than 
one round-trip time to the surface and back. The radar 
then switches to receive and records the echoes from the 
burst of pulses. Consequently, uncertainty in timing due to 
errors in the position and pointing can be accommodated 
by adjusting the burst period and recording window rather 
than adjusting the pulse-to-pulse timing, as in the case 
of the conventional pulse interleave approach. When the 
spacecraft’s ephemeris and attitude uncertainties are large, 
the burst mode approach is more effective at utilizing the 
limited allocations of data rate and data storage as well as 
at lowering the probability of data loss. With the assumed 
geometry, the burst period varies between 6.5 and 27.7 ms 
over a flyby pass, and it will be updated every 30 s. 
The radar instrument will multiplex the selected oper- 
ational modes (imaging, altimetry, etc.) in repeated cycles 
along the spacecraft’s trajectory. The duration of each cycle 
is determined by the smallest radar azimuth footprint size 
at nadir generated by the altimeter mode. By choosing this 
smallest footprint size, contiguous along-track coverages 
for all radar modes are ensured. With the assumed flyby ge- 
ometry, the cycle duration varies from 1.6 to 22.2 s during 
the encounter. The division of this cycle time to the various 
radar modes, under the constraint of the maximum data rate 
and power allocations imposed by the spacecraft, must be 
carefully planned in order to maintain good balance on data 
quality obtained by different modes. The bandwidths, burst 
frequencies, data windows, sampling rates, and quantization 
resolutions must also be designed such that they will be 
consistent with the data rate allocations. In the current 
design, the maximum data rate allocated to the imaging 
mode, as shown in Table 3, varies between 80 kb/s for 
low-resolution imaging and 250 kb/s for high-resolution 
imaging. 
For the geometry considered, the number of imaging 
bursts varies between 12 and 48 per cycle during the 
encounter. Depending on the burst durations, each burst 
contains between 27 and 62 pulses. A 2-b block adaptive 
quantization scheme similar to that used by the Magellan 
radar system is planned for quantizing the imaging data. A 
2-b block adaptive quantizer introduces quantization noise 
at level 8.5 dB below the input signal when the receiver 
gain is set at the optimum value [29]. Magellan simulations 
with actual SAR data have shown that thermal SNR values 
better than the 8.5 dB do not improve the visual-image 
interpretation, while lower values degraded the images [29]. 
For the imaging mode of the Titan Radar Mapper, the 
measurement’s thermal SNR is expected to be in the same 
range as those for the Magellan radar. This leads us to 
adopt a quantization strategy similar to Magellan’s [29]. In 
the present design, the radar will use signal statistics to set 
the receiver gain in order to minimize the mean-squared 
error of the signal samples. 
(-66) (-12,-6) and 
(6,121 
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(-16,-12) 
and (6,12) 
Table 3 Radar Parameters for the Imaging Mode of the Titan Radar 
Mapper 
Time 
(minutes) 
Altitude (km) 
Transmit 
power (W) 
Imaging 
mode 
Chirp 
bandwidth 
(MHz) 
(dB) 
Antenna gain 
Noise 
temperature 
(K) 
Transmit path 
loss (dB) 
Receive path 
loss (dB) 
Cycle 
duration (s) 
Number of 
burstsicycles 
Burst 
duration (ms) 
PRF (Hz) 
Max. data 
rate (kbis) 
Ground range 
resolution 
(km) 
Azimuth 
resolution 
(km) 
Incidence 
angle (deg) 
Swath 
widthhide 
(km) 
6, (dB) 
Number of 
looks 
Noise equiv. 
ICp 
(U” = -10 
dB) 
1000 to 1556 
65 
HRI 
1.00 
44.4 
800 
2.0 
2.5 
1.6 to 3.4 
2 
6.5 to 11.1 
3698 to 4158 
250 
0.4 to 0.5 
0.6 to 0.7 
14.0 to 18.6 
68 to 107 
-25.3 to 
-18.9 
4 
0.50 to 0.52 
1556 to 2895 
65 
MRI 
0.50 
44.4 
800 
2.0 
2.5 
3.4 to 11.0 
3 to 6 
10.3 to 20.4 
2717 to 3698 
150 
0.6 to 1.0 
1.0 to 1.8 
16.4 to 28.9 
107 to 21 1 
-20.9 to 
-11.4 
9 to 20 
0.29 to 0.34 
2895 to 4002 
65 
LRI 
0.25 
44.4 
800 
2.0 
2.5 
11.0 to 22.2 
6 to 8 
19.6 to 28.6 
2260 to 2717 
80 
1.0 to 1.6 
1.8 to 2.1 
22.2 to 35.4 
211 to 311 
-13.6 to -8.5 
20 to 32 
0.23 to 0.27 
The ground range resolution of the radar images is 
achieved by pulse compression of the received echoes. With 
this technique, the ground range resolution is a function 
of the system bandwidth and the angle of incidence. The 
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FAR BEAM EDGE 
BEAM CENTER 
Fig. 11. (a) Ground range resolution in kilometers across the beam, with the center look angle 
of 11.7', as a function of time since the closest approach; (b) Azimuth resolution, in kilometers, 
for the beam with a center look angle of 11.7*, as a function of time since closest approach. The 
three regions correspond to the three different signal bandwidths. The beam center and the near- 
and far-edges in the figure correspond to the center and the two edges of the radar-illuminated 
surface footprint in the cross-track direction. 
Fig. 12. The Voyager 2 image of Ganymede from a distance of 85 OOO km. The resolution is 
1.2 km, the swath width is 250 km. 
ground range resolution decreases with increasing incidence 
angle. As an example, the incidence angle associated with 
the 11.7' side-looking imaging beam varies between 16.3" 
at closest approach to 31.2' at a range of 4000 km, 
and this results in a factor of two improvement in range 
resolution if a constant bandwidth is being used. On the 
other hand, the echo signal-to-noise ratio decreases with 
range and this consideration must be traded against the 
resolution considerations. In the current design, the selected 
chirp bandwidths are 1.0, 0.5 and 0.25 MHz for HRI, 
876 
MRI, and LRI operations, respectively. In Fig. ll(a), the 
corresponding ground range resolution is shown across the 
middle beam. 
Each burst of radar raw data is processed to full resolution 
and then degraded in order to obtain independent samples 
of the scene (looks). This is done to reduce speckle noise in 
the image and to have pixels which have similar resolutions 
in range and azimuth. The number of looks from each burst 
varies between 2 and 4 depending on the range resolution 
and incidence angle. Time-domain correlation filtering of 
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Fig. 13. Noise equivalent NEa,, in decibels, for the 11.7’ look 
angle beam as a function of time since closest approach. 
the received signal samples will be used to obtain the 
synthesized aperture resolution. In Fig. ll(b), the azimuth 
resolution for the 11.7’ look angle case is shown as a 
function of time since closest approach. It can been seen 
that the azimuth resolutions for image pixels across the 
beam is rather uniform. 
An example which shows the expected resolution and 
swath width of the images which the Cassini Titan Radar 
Mapper will obtain is shown in Fig. 12. This Voyager 2 
photo of the icy surface of Jupiter’s Ganymede, taken at 
a distance of 85 000 km and with the resolution of 1.2 
km, shows a narrow tract of Ganymede’s grooved terrain. 
Recent Earth-based radar observations have demonstrated 
the radar cross section of Titan to be consistent with 
the cross sections of the icy Galilean satellites, including 
Ganymede [3]. 
Because of the present uncertainty regarding the backscat- 
tering characteristics of Titan’s surface, it is more meaning- 
ful to characterize the radar detection sensitivity in terms of 
the so-called noise equivalent a,( NEa,). This quantity is 
defined as the value of the surface backscattering coefficient 
which gives rise to a unity SNR. Using the parameters listed 
in Table 3, the resulting NEa,  across the 11.7” look angle 
beam is shown in Fig. 13. There is a 6-dB reduction in 
NEa,  at the near and far ranges since the two-way antenna 
gain is reduced by this amount at the beam edges. 
VI. ALTIMETRY AND SCATTEROMETRY 
The relative surface elevation of Titan will be measured 
by the Titan Radar Mapper when it operates as a narrow- 
beam radar altimeter. From signal-to-noise and data rate 
considerations, the altimeter mode is planned to operate 
from 12 min before the closest Titan approach of each 
Titan flyby until 12 min after the closest encounter. During 
this 24-min period the altimeter will time-share with other 
selected operational modes such that topographic measure- 
ments along the subsatellite track will be collected. 
Similar to the imaging mode, the altimeter mode will 
operate at the center frequency of 13.8 GHz (Ku-band). 
When this mode is executed, bursts of frequency-modulated 
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Table 4 
Modes of the Titan Radar Mapper 
Radar Parameters for the Altimeter and Scatterometer 
Frequency (GHz) 
Transmit power (W) 
Half-power antenna 
beamwidth (deg) 
Antenna gain at 
boresight (dB) 
Peak antenna 
sidelobe (dB) 
Transmit pulse 
duration (11s) 
Chirp bandwidth 
(MH4 
PRF (kHz) 
Transmit path loss 
(dB) 
(dB) 
Receive path loss 
System noise 
temperature (K) 
Altimeter Scatterometer 
13.8 
65 
0.4 
50.4 
-15 
150 
5.0 
5 .O 
2.0 
2.5 
800 
13.8 
65 
0.4 
50.4 
-15 
150 
0.05 
1.0 to 3.0 
2.0 
2.5 
800 
pulse signals of 150 p s  time duration and at 5 MHz 
bandwidth will be transmitted. Depending on the radar 
range, mode multiplexing strategy used, and the data rate 
allocation profile, the number of pulses transmitted in each 
burst will vary throughout a single flyby pass. In order to 
obtain the best possible signal power and spatial resolution, 
the entire antenna reflector will be illuminated by the Ku- 
band center feed. Computer-controlled time gating will be 
performed such that the entire range history of the echo 
intensity (waveform) as well as the round-trip delay time 
will be recorded for data analysis. The range resolution of 
the measurements will be recovered after pulse compression 
during ground processing. Measurement accuracy will be 
further improved by incoherent averaging of 50 to 100 
measurements to reduce the speckle noise. The nominal 
radar parameters for the altimeter mode are shown in 
Table 4. 
The nadir radar altimetry concept is very simple and 
straightforward. A radar altimeter transmits short electro- 
magnetic pulses and measure the round-trip propagation 
time of these pulses as they are reflected from a surface 
and detected by the radar receiver. The absolute surface 
elevation ( h )  and relative surface elevation (Ah)  can be 
reconstructed according to: 
h = H - R = H - V ” t  2 (1) 
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where h is the surface elevation relative to a reference plane 
(geoid), H is the spacecraft altitude relative to the same 
geoid, R is the measured one-way range, t is the round- 
trip pulse propagation time, and v, is the average pulse 
propagation speed through Titan’s atmosphere. In principle, 
with the knowledge of H and by accurately measure the 
pulse propagation time, the absolute surface elevation can 
be reconstructed according to (4). However, due to the 
limitations on Cassini spacecraft’s navigation capability, the 
extraction of absolute surface elevation will not be possible. 
On the other hand, the relative surface elevation may still be 
measured according to (5) because the spacecraft’s height 
trajectory at each flyby is expected to be a smooth function 
of time (with short-term perturbation very close to zero) and 
can be reconstructed accurately during ground processing. 
The overall measurement accuracy depends on the mea- 
surement resolution, ranging and surface geometries, point- 
ing, and processing algorithms. A previous study has in- 
dicated that centroid-type algorithms perform reasonably 
well for natural topographic features [30]. By identifying 
the various possible error sources and with reasonable 
estimates of their contributions, a worst-case error budget is 
derived and tabulated in Table 5. For the described system 
approach, our preliminary assessment is that an overall 
relative elevation measurement accuracy of 80 m or better 
can be achieved. 
The lack of information on the backscattering strength 
of Titan’s surface and its spatial variations has been a 
major concern during the course of the radar design. 
In order to compensate for the possibility that Titan’s 
surface is unexpectedly radar-dark, and to ensure credible 
measurements of the surface backscatter variations, we have 
incorporated a special scatterometer mode into the overall 
radar design. The functional concept of the scatterometer 
mode is similar to that of the altimeter with a major 
difference. Instead of a 5-MHz bandwidth, the scatterometer 
will use a 50-KHz bandwidth. The system parameters for 
the scatterometer mode are also given in Table 4. The use 
of a smaller bandwidth will not change the NEa,  when 
the surface is relatively smooth. It will, however, lower 
the NEo,  significantly if a surface has large topographic 
variations. With the chosen design, a 20-dB improvement 
in NEo,  is expected if the surface slope is larger than 
the ratio of the vertical to horizontal resolution. As a 
result of this improvement, the acquisition of scatterometric 
measurements can be extended to a longer time period. In 
our current plan, it will operate from 30 min before until 
30 min after the closest Titan encounter with the farthest 
range distance equal to 8375 km. In Fig. 14, the NEa,  
achievable by the scatterometer mode is plotted versus the 
flyby altitudes for different values of surface slopes. 
“‘he backscatter measurement accuracy, Kp,  is defined 
as the ratio of the standard deviation of the signal power 
measurements (std{P,}) to the mean signal power ((Ps)) 
1311, [321 
-1 0 
(3) 
I I 
Table 5 The Error Budget for the Relative Elevation Measurements 
of the Altimeter Mode of the Titan Radar Mapper 
Pointing 
Ephmeris 
Processing 
, I I 
0 7 5  1 5 0  2 2 5  300 
TIME mm 
Fig. 14. Thermal-noise-equivalent a,of scatterometry measure- 
ments at average surface slopes of 0, loo, 20°, and 30’. 
In our approach, the mean power of the scatteromet- 
ric measurements, (Ps+,), and the mean power of the 
noise-only measurements, (P,), will be estimated through 
coherent averaging of N independent measurements. In 
turn, (Ps) is estimated by subtracting (P,) from (Ps+,). 
Since the variance of the noise-only power estimate equals 
the variance of the signal plus noise estimate, K p  is given 
by ~ 5 1  
1 r  c) 
(4) 
In (4), it is assumed that the signal fluctuations are 
only due to thermal noise and speckle and not caused by 
fluctuations in the system parameters such as the transmitted 
power or noise temperature during the times that PS+, 
and P, measurements are obtained. It can be seen from 
(4) that both the SNR and the number of independent 
measurements affect the backscatter measurement accuracy 
and that even if the SNR is low, acceptable accuracy can 
be obtained by increasing the number of measurements. 
With the current scatterometer design, surface backscatter 
measurement accuracies better than 30% are anticipated. 
VII. SUMMARY 
The Cassini Titan Radar Mapper has been designed to 
have a wide range of capabilities in order to encompass 
a variety of possible surface properties. This is required 
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because of the almost complete lack of knowledge of 
Titan’s surface conditions. The scatterometer mode will 
provide important information over areas of extremely low 
backscatter such as the putative smooth ethane/methane 
ocean. The altimeter mode will provide information on 
various surface topographic features. The high-resolution 
imaging mode will allow detailed observation of surfaces 
with relatively strong backscatter. The design of the instru- 
ment will allow multiplexing of different modes at each 
flyby and it will accommodate a wide range of instrument- 
to-surface distances and geometries. 
Because of the limited number of flybys, there was 
a necessity of having simultaneous multimode capability. 
This has been achieved by using a multifeed antenna system 
which allowed coverage of multiple swaths on both sides 
of the spacecraft as well as the nadir observation. 
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